Introduction
The rf conditioning of electron beams for free-electron lasers (FEL) has been discussed in recent papers [1, 2] . In the proposed device, an electron beam is sent down a focusing channel, which provides an oscillation in the transverse beam radius while the beam traverses suitably positioned, and properly phased, rf cavities operating in the TM210 mode. The result is the introduction of a correlation between electron amplitude of oscillation and energy such that there is very little spread in the longitudinal velocity of electrons. The FEL performance is thereby greatly enhanced.
For rf cavities operated in a TM210mode, the accelerating field varies as r 2 for small radius r. Such a variation is just what is desired in a conditioner, but because the electron beam can have a very small emittance, the coupling between the beam and the rf field of the conditioner cavity can be very small. Increasing this coupling, "making the shunt impedance better" for this mode, is the subject of this paper. A method for doing this is mentioned in a footnote in Ref.1, but not explored in that communication.
In Section 2 we give formulas for a right-circular cylindrical cavity.
This case, which can be treated analytically, provides a "base line" for comparison of other(more complicated) structures. We compare the analytic results with numericalcalculations (usingMAFIA [3] ). Then, in Section3, we studythe effectof indentations to the end-wallsof a cavity t through MAFIA simulations.Cylindrically symmetric (or ring-shaped)
indentations do not provide a significant improvement in the shunt impedance.
In Section 4 we break the 2D symmetry and consider 3D structures.
2.

RF Modes in Right-Circular Cylindrical Cavities
A right-circular cylindrical cavity is one of the very few cases for
• which the wave equation can be solved analytically. We consider such a cavity with radius R and length L oriented along the z-axis.
For Transverse v
Magnetic (TM) modes, the electric and magnetic fields in the cavity can be derived from the axial electric field Ez,
where The energy given to a particle moving parallel to the axis at a radius ro << R is,
The power lost at ali the surfaces in the cavity is given by The shunt impedance is defined as, Z=(AW)/P_.
Cylindrically Symmetric Indentations
Using MAFIA simulation we examine the simple case of a cylindrically symmetric ring-shaped indentation with width 2p and depth d, placed at radius rc with its center at the cavity axis ( Figure 1 ). All results for various models are obtained for an operating frequency of 2856 MHz by varying the radius to compensate for any changes in frequency resulting from modifications to the base case design (a right-circular cylindrical cavity). On studying ring-shaped indentations of varying sizes placed at different positions, we find that the shunt impedance is either only slightly higher or, in some cases, even lower than the base case. Therefore, cylindrically symmetric indentations do not provide any significant benefits in the form of increased shunt impedance.
4.
Three-dimensional Models
We now break the 2D symmetry of the ring-shaped indentations and study structures with four-fold symmetry which is appropriate for the 
A. Muffin-tins
In this section, the effect of four circular "muffin-tin" shaped indentations to each end-wall of the rf cavities is examined. The centers of the muffin fins, which have radius p, are placed a distance rc from the axis • of the cylinder (Figures 1 and 3) .
The shunt impedance varies with the offset of the muffin-tins from the axis, namely rc. If the muffin-tins are placed adjacent to the beam port, the impedance is higher by a factor of about 20. As the muffin-tins are moved away from the beam port, keeping all other muffin-tin parameters fixed, the impedance rises and then falls. Table 1 shows that the shunt impedance peaks around rc lR = 20% for a muffin radius of 1.5 em and gap of 5 mm. For most designs, the power loss at the cavity surface .
at radius R is negligible.
Another parameter of interest is the size of the muffin-tins, namely the radius p. There are two ways of varying the radius: holding rc fixed or keeping rc-p constant. We start with the base case, which has p=0, and increase the radius. When rc-p is held fixed, the frequency, power loss and energy gain vary in a more systematic manner ( Table 1 ), suggesting that rc-p is a more appropriate parameter for study than rc. For both cases, the impedance is maximum for p=0.75 cm, that is, 12.5% of the cavity radius.
The size of the beam port has negligible effect on the shunt impedance. This implies that the beam port can be made larger without adverse effect on the shunt impedance, thus reducing the transverse coupling impedance and ensuring that the conditioner will not cause transverse beam motion [4] . The transverse wake fields in conditioner cavities with indentations are not any stronger than in right-circular cylindrical cavities.
Impedance increases monotonically as we increase the depth of indentations while keeping the cavity length fixed at 3 cm. Fieldbreakdown constraints place a lower limit on the size of the gap. For an indentation length of 13.5 mm and cavity length of 30 mm, Table 2 gives the optimum size and position of muffin-tins which give the highest increase in impedance: muffin-tins with a radius which is one-eighth of the outer radius should be placed one-quarter of the way from the axis.
However, if we allow the length of the rf cavity to vary, further increase in shunt impedance can be obtained by lengthening the indentations further. As the depth of indentations, d, approaches quarter • wavelength (2.63 cre), we can achieve impedance as high as a factor of 500 over the right-circular cylindrical cavity. The wedge-shaped indentations, | which are studied in teh next sub-section, carry this concept even further.
B. Wedge-shaped Indentations
We now explore conditioner cavities with wedges placed about the aperture (Figure 4) . In general, we find that the smaller apertures yield the best shunt impedance. This is shown most clearly by an examination of 
Conclusions
#
We have explored designs for conditioner cavities which will render electron beams suitable for subsequent lasing in a free-electron laser. We find that it is important to break the cylindrical symmetry of the rf cavities in order to obtain structures which will deliver significantly higher shunt impedance than the standard cylindrical cavity.
For similar apertures, the wedge configuration delivers better shunt
impedance than the muffin-tin configuration. Significantly higher shunt impedance can be obtained with the wedge indentations by decreasing the | cavity aperture. This will result, however, in higher transverse wake fields.
If transverse wake fields are an issue, then one may find a better solution with the muffin-tin approach with shorter indentations, where transverse wakes can be reduced by opening the apertures with little effect on the shunt impedance.
6.
Tables Table 1. MAFIA results and analysis for various conditioner cavity designs with muffin-un indentations. Cavity radius has been varied to hold the operating frequency fixed at 2856 MHz. The energy gain is calculated for i an electron 2 mm away from the axis. Table 2 . Optimum values of muffin-tin parameters obtained through MAFIA for cavity length fixed at 3 cm. is calculated for an electron 2 mm away from the axis. 
